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ABSTRACT: The wellbore instability caused by the penetration of drilling fluids into the formation is a vital problem in the drilling
process. In this study, we synthesized a polymer/graphene oxide composite (PAAN-G) as a fluid loss additive in water-based drilling
fluids. The three monomers (acrylamide (AM), 2-acrylamide-2-methyl-1-propane sulfonic acid (AMPS), N-vinylpyrrolidone
(NVP)) and graphene oxide (GO) were copolymerized using aqueous free radical polymerization. The composition,
micromorphology, and thermal stability properties of PAAN-G were characterized by Fourier transform infrared (FT-IR)
spectroscopy and thermogravimetric analysis (TGA). According to the American Petroleum Institute (API) standards, the influence
of PAAN-G on the rheological and filtration properties of bentonite-based mud was evaluated. Compared with PAAN, PAAN-0.2G
has more stable rheological properties at high temperatures. The experimental results showed that even at a high temperature of 240
°C, PAAN-G can still maintain a stable fluid loss reduction ability. In addition, PAAN-G is also suitable for high-salt formations; it
can still obtain satisfactory filtration volume when the concentration of sodium chloride (NaCl) and calcium chloride (CaCl2)
reached 25 wt %. Besides, we discussed the fluid loss control mechanism of PAAN-G through particle size distribution and scanning
electron microscopy (SEM).

1. INTRODUCTION

The success of drilling operations greatly depends on the
performance of the drilling fluids.1,2 As the essential
component in the oil and gas drilling process, drilling fluids
are responsible for suspending and transporting cuttings,
balancing the formation pressure, cleaning the wellbore,
cooling and lubricating drilling tools, and other important
functions.3−5 Good rheological and filtration properties are
necessary conditions for drilling fluids to maintain the above
basic functions. Various drilling fluids have been developed for
different drilling conditions, such as water-based drilling fluids,
oil-based drilling fluids, synthetic-based drilling fluids, etc.
Among them, water-based drilling fluid has become the most
widely used drilling fluid due to its simple preparation, low
cost, and environmental friendliness.6,7 Water is one of the
most important components in water-based drilling fluids,
precisely because of the large amount of water content that
causes various problems encountered in the use of water-based

drilling fluids. Water intrusion into the formation will cause
many problems, such as formation pollution, shale hydration
and swelling, and formation collapse.8−10 At the same time, the
thick filter cake formed on the borehole wall due to the water
and particulate invasion can easily lead to problems such as
borehole damage and stuck drilling.11,12 The use of fluid loss
additives can slow down the loss of water to the formation.
The ideal fluid loss agent should have the characteristics of
significantly reducing the fluid loss volume and forming a thin
and dense filter cake.3,13 Besides, as drilling is carried out in
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deep formations and downhole conditions are becoming
increasingly complex, the fluid loss agent should also have
the ability to maintain performance in high-temperature and
high-salt environments.14

Various natural and synthetic polymers have been applied to
improve the filtration property of drilling fluids, including
xanthan gum,15 wild Jujube pit powder,16 tea polyphenols,17

starch,18−20 cellulose,21,22 synthetic polymers,13,23−26 cationic
copolyelectrolyte,27 etc. Natural polymers, as fluid loss agents,
are always easy to degrade at high temperatures, which leads to
their failure.28,29 With the development of nanotechnology,
nanomaterials are gradually being studied to reduce the fluid
loss of drilling fluids. Nanoparticles have an excellent ability to
improve the performance of drilling fluids. For example, block
pores and throats improve the rheological properties and
reduce filtration volume.30−32 Cai et al. showed that using
cheap unmodified and commercially available silica nano-
particles to formulate water-based drilling fluids can signifi-
cantly prevent water from invading shale formations.33 The
research of Sensoy et al. showed that when the size of
nanoparticles and the pore size of the formation are properly
matched, the fluid intruding into the formation will be
significantly reduced.34 In recent years, with the increase in
the depth and difficulty of drilling formations, high-temper-
ature and high-salt environments have brought severe
challenges to polymers used as rheological control and fluid

loss treatment agents. The research of Zhang et al. showed that
the type and concentration of salt solution have a great
influence on the chain structure of polyacrylamides.35 Seright
et al. proposed that the stability of acrylamide polymers would
decrease in the presence of dissolved oxygen and divalent
cations.36 The instability of the polymer seriously affects the
stability of the drilling fluid. Therefore, it is necessary to
consider improving the stability of the polymer in a high-
temperature and high-salt environment. Nanomaterials have
the advantages of high surface energy, rigidity, and dimensional
stability. Mao et al. prepared an acrylamide polymer-based
silica nanoparticle composite material, which has excellent
thermal stability, rheology, fluid loss reduction, and lubricity.37

An et al. grafted acrylamide polymer on the surface of
nanosilica to improve the salt tolerance of the polymer.38 The
single-walled carbon nanotubes/poly(vinylpyrrolidone)
(SWCNTs/PVP) nanocomposites developed by Rana et al.
can significantly improve the instability of shales.39 The
polypropylene−silica nanocomposite (PP−SiO2NC) studied
by Oseh et al. is superior to partially hydrolyzed
polyacrylamide in terms of controlling rheology and fluid
loss.40 It can be seen that polymer/nanocomposites can
combine the toughness of polymers and the rigidity of
inorganic materials, making them more suitable for applica-
tions in drilling fluids in complex environments.

Figure 1. (a) Reaction scheme of free radical polymerization of the acrylamide polymer/graphene oxide composite (PAAN-G); (b) procedure for
the characterization of PAAN-G.
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Graphene materials have been extensively studied in many
fields due to their unique atomic structure and properties.41,42

Kosynkin et al. first proposed the use of graphene oxide (GO)
as a highly effective fluid loss control agent for water-based
drilling fluids.43 They pointed out that an extremely low fluid
loss volume can be achieved when the combined ratio of large-
flake GO and powdered GO was 3:1. An et al. used graphene
modified with ethylenediamine to block micro−nano pores,
allowing the drilling fluid to obtain the lowest filtration volume
under certain conditions.44 Aramendiz et al. evaluated the
potential of using silica nanoparticles (SiO2-NPs) and
graphene nanosheets (GNPs) to formulate nanoparticle
water-based drilling fluids. The results show that when the
total concentration of nanoparticles is 0.75 wt % (0.5 wt % of
SiO2-NPs and 0.25 wt % of GNPs), the filtration volume is the
lowest.45 The above studies confirmed the potential of
graphene in improving the filtration property of drilling fluids.
However, the problem of large additions and high cost limits
the use of graphene as a fluid loss agent in drilling fluids.
We are committed to preparing a fluid loss control agent for

drilling fluids that can withstand temperatures exceeding 200
°C and can be used stably in high salt concentrations. In this
study, we prepared an acrylamide polymer/graphene oxide
composite (PAAN-G); the grafting of acrylamide polymer on
the surface of graphene oxide not only exerts the toughness of
the polymer but also combines the advantages of graphene and
greatly reduces the amount of graphene used. We investigated
its suitability and potential performance as a fluid loss additive
for water-based drilling fluids. At the same time, we evaluated
the temperature resistance and salt (sodium chloride and
calcium chloride) resistance of PAAN-G.

2. RESULTS AND DISCUSSION
2.1. Characterization of PAAN and PAAN-G. The

acrylamide polymer/graphene oxide composite (PAAN-G)
was polymerized by the redox system of ammonium persulfate
and sodium sulfite, and the polymerization mechanism is
shown in Figure 1a. The primary free radicals formed by the
decomposition of the initiator cause the hydrogen atoms on
the surface of GO to be taken away to generate free radicals,
and then carry out chain propagation polymerization with
monomers AM, 2-acrylamide-2-methyl-1-propane sulfonic acid
(AMPS), and N-vinylpyrrolidone (NVP) to finally obtain the
composite material of acrylamide polymer grafted GO.
Subsequently, the structure and performance of PAAN-G
were characterized according to the characterization procedure
shown in Figure 1b.
The functional groups on GO were determined by the

analysis of the Fourier transform infrared (FT-IR) spectra of
GO. Figure 2 shows the FT-IR spectra of GO, PAAN-0.2G,
and PAAN. In the FT-IR spectrum of GO, 1733 cm−1 was
assigned to the CO stretching vibration, 1288 cm−1 was the
absorption peak of C−O−C, 3220 cm−1 was the absorption
peak of −OH, and the skeletal vibration of unoxidized CC
bond and the C−O in the carboxylic acid were seen at 1648
and 1041 cm−1, respectively.46 In the FT-IR spectrum of
PAAN-G, 1654, 1544, and 1290 cm−1 were the characteristic
absorption peaks of amide I (CO), amide II (N−H), and
amide III, respectively; 1186, 1039, and 628 cm−1 were all
characteristic absorption peaks of sulfonic groups (−SO3H).
PAAN-G and PAAN have extremely similar FT-IR spectra
because of the extremely low concentration of GO. However, it
can still be seen from Figure 2 that, compared with PAAN, the

absorption peaks of N−H and CO of PAAN-G shifted to
smaller wavelengths, which can prove the formation of
hydrogen bonds between GO and PAAN.46

The thermogravimetric analysis (TGA) and differential
thermal analysis (DSC) curves of GO, PAAN, and PAAN-G
are shown in Figure 3, which were used to determine the
changes of thermal stability of the synthesized GO composite
(PAAN-G) compared with GO and PAAN. GO was thermally
unstable and lost about 10% of its weight at 180 °C and about
90% of its weight at 192 °C. This was related to the pyrolysis
of the unstable oxygen-containing functional groups to
produce carbon monoxide, carbon dioxide, and steam.47

After compositing with the polymer PAAN, PAAN-G greatly
improved the thermal stability of GO and only lost 6% weight
at 200 °C, which was caused by the residual free water and
bound water in PAAN-G. Compared with PAAN, the thermal
stability of PAAN-G was only slightly improved, and the main
reason was that the content of GO in the composite was too
low. Therefore, the difference in the glass transition temper-
ature and melting temperature between PAAN-G and PAAN
was negligible.

2.2. Rheological Properties. Figure 4 shows the
comparison of rheological parameters of the base slurry
containing PAAN, PAAN-0.2G, and PAAN-0.5G at different
temperatures. The viscosity and yield point of the base slurry
were extremely low. Although the concentration of clay
particles in the base slurry increases due to the high-
temperature dispersion, which caused the viscosity and yield
point of the base slurry to increase slightly at high
temperatures, it was still significantly lower than that in the
base slurry after adding the polymer. It can be seen that,
compared with the base slurry without additives, 1.0 wt %
PAAN, 1.0 wt % PAAN-0.2G, and 1.0 wt % PAAN-0.5G can all
increase the viscosity of the base slurry. The good rheological
properties required for the drilling fluid are to have lower
plastic viscosity and higher yield point because it was difficult
to pump the drilling fluid with high PV, and the too low YP
was not conducive to suspending and transporting cuttings. It
can be seen from Figure 4 that, at room temperature, PAAN-
0.2G has more suitable PV and YP values than PAAN. After
aging at 150 and 180 °C, the rheological parameters of PAAN,
PAAN-0.2G, and PAAN-0.5G have all decreased, but it can be
seen that the rheological parameters of PAAN-0.2G changed
more slowly. Table 1 lists the change rates of rheological

Figure 2. FT-IR spectra of GO, PAAN-G, and PAAN.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c00374
ACS Omega 2021, 6, 9750−9763

9752

https://pubs.acs.org/doi/10.1021/acsomega.1c00374?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00374?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00374?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00374?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c00374?rel=cite-as&ref=PDF&jav=VoR


parameters of the base slurry containing 1.0 wt % PAAN, 1.0
wt % PAAN-0.2G, and 1.0 wt % PAAN-0.5G after aging at 150
and 180 °C. Whether it was aged at 150 or 180 °C, the
reduction rate of AV, PV, and YP of 1.0 wt % PAAN-0.2G was
not higher than 28%, while the change rate of rheological
parameters of 1.0 wt % PAAN was much higher than that of
1.0 wt % PAAN-0.2G; moreover, its YP reduction rate reached
80% at 150 °C and indicated that the rheological properties of
PAAN-0.2G at high temperature were more stable, which is
necessary for high-temperature drilling fluids. Compared with

Figure 3. TGA−DSC curves of (a) GO and (b) PAAN and PAAN-G.

Figure 4. Comparison of rheological parameters of the base slurry and the base slurry containing 1.0 wt % PAAN, 1.0 wt % PAAN-0.2G, and 1.0 wt
% PAAN-0.5G at different temperatures: (a) AV, (b) PV, and (c) YP.

Table 1. Change Rate of Rheological Parameters after Aging
at 150 and 180 °C

1 wt % PAAN 1 wt % PAAN-0.2G 1 wt % PAAN-0.5G

150 °C
(%)

180 °C
(%) 150 °C

180 °C
(%)

150 °C
(%)

180 °C
(%)

AV 51.5 60.6 20% 26.6 42.8 45.2
PV 46.4 64.3 27.2% 27.2 50.0 28.6
YP 80.0 40.0 0 25.0 28.6 78.6
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PAAN-0.2G and PAAN, the stability of PAAN-0.5G at high
temperature was between the two. Table 2 lists the YP/PV of

the base slurry containing different additives at different
temperatures. This value reflected the carrying capacity index
of the drilling fluid. A higher YP/PV value is conducive to
effective rock breaking at high shear rates and effective rock
debris carrying capacity at low shear rates.25 It can be seen
from Table 2 that PAAN-G was more conducive to obtaining
high YP/PV values than PAAN. In addition, PAAN-0.2G was
better than PAAN-0.5G because PAAN-0.2G can still maintain
a suitable YP/PV value at 180 °C, while PAAN-0.5G did not.
The comparison of rheological properties showed that the
polymer-grafted graphene oxide composite (PAAN-G) can
effectively improve and stabilize the rheological properties of
drilling fluids, no matter at high temperatures or low
temperatures, which was significantly different from the
ordinary polymer without grafting graphene oxide (PAAN).

2.3. Filtration Properties. The influence of PAAN and
PAAN-G on the filtration property of the base slurry is shown
in Figure 5. Compared with the base slurry, 1.0 wt % PAAN,
1.0 wt % PAAN-0.2G, and 1.0 wt % PAAN-0.5G can all
significantly reduce the API filtration volume. However, the 30
min filtration volume of PAAN-G was lower than that of
PAAN. As the aging temperature increased, the difference in
the API filtration volume between PAAN-G and PAAN
became more obvious. The 30 min API filtration volume of
PAAN-0.2G before aging was only 1.4 mL less than that of
PAAN, but after aging at 150 and 180 °C, the difference
increased to 4.4 and 7 mL. This phenomenon demonstrated
that PAAN-G has a better fluid loss reduction effect than
PAAN at high temperatures. Based on the comparison of the
rheological and filtration properties of PAAN, PAAN-G can
maintain stable rheology and fluid loss reduction ability at high
temperatures, that is, PAAN-G was more suitable for use at
high temperatures than PAAN.
Figure 6 shows the photos and scanning electron

microscopy (SEM) images of fresh filter cakes of the base
slurry containing 1.0 wt % PAAN or 1.0 wt % PAAN-0.2G after
aging at 180 °C. It can be seen from the fresh filter cake photos
(Figure 6a,b) that the filter cake formed by PAAN was thicker
than that of PAAN-0.2G, and the thick filter cake may cause
downhole accidents such as diameter reduction. From the
SEM image magnified 1000 times (Figure 6c,d), it can be seen

Table 2. YP/PV of the Drilling Fluid at Different
Temperatures

temperature
(°C) 1 wt % PAAN

1 wt % PAAN-
0.2G

1 wt % PAAN-
0.5G

25 0.18 0.36 0.50
150 0.07 0.50 0.70
180 0.30 0.38 0.15

Figure 5. Comparison of the API filtration volume of the base slurry and the base slurry containing 1.0 wt % PAAN, 1.0 wt % PAAN-0.2G, and 1.0
wt % PAAN-0.5G at different temperatures: (a) before aging, (b) after aging at 150 °C, and (c) after aging at 180 °C.
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that the filter cake formed by the base slurry containing 1.0 wt
% PAAN had many obvious pores. Then, the filter cake
containing 1.0 wt % PAAN was further enlarged 5000 times
(Figure 6e), and it still showed many folds, which were formed
after the fluid passed through, suggesting the noncompactness
of the filter cake. However, the filter cake formed by the base
slurry containing 1.0 wt % PAAN-0.2G presented a completely
different morphology. It was very flat and it can be seen that
there were no pores and wrinkles on the surface from the SEM
image magnified 5000 times (Figure 6f), which was the reason
for the lower filtration volume. The photos and SEM images of
the filter cake showed that the polymer-grafted graphene oxide
composite (PAAN-G) can form a thin and dense filter cake,
from which not only a lower filtration volume can be obtained
but also avoid the hole diameter reduction caused by the
excessive thickness of the filter cake.

The particle size distribution curve (Figure 7) is a good
explanation for the difference of filter cake, as shown in Figure
6. It can be seen from Figure 7a,b that the base slurry
containing 1.0 wt % PAAN or 1.0 wt % PAAN-0.2G had a
similar particle size distribution curve, and the difference was
that the particle size distribution of the base slurry containing
1.0 wt % PAAN-0.2G was wider. Although their median
particle sizes (d50) are similar, the base slurry containing 1.0 wt
% PAAN-0.2G had 20% of small particles below 10 μm and 6%
of large particles larger than 150 μm. However, in the base
slurry containing 1.0 wt % PAAN, the small particles below 10
μm accounted for only 6.5%, and almost no large particles were
exceeding 150 μm. The wider particle size distribution was
conducive to the effective accumulation of clay particles to
form a dense filter cake. Therefore, the filter cake formed by
the base slurry containing 1.0 wt % PAAN-0.2G was denser

Figure 6. Filter cakes formed by the base slurry containing 1.0 wt % PAAN (a, c, e) or 1.0 wt % PAAN-0.2G (b, d, f) after aging at 180 °C. (a, b)
photos and (c−f) SEM images.
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and had low filtration volume. Figure 7c,d shows the change in
the particle size distribution of 1.0 wt % PAAN and 1.0 wt %
PAAN-0.2G before and after aging at 180 °C, respectively. The
d50 values of both PAAN and PAAN-0.2G increased after
aging. For 1.0 wt % PAAN, it can be clearly seen that the small
particles were significantly reduced after aging, which also
corresponded to the significant increase in the filtration volume
at this time. On the contrary, although the d50 of PAAN-0.2G
had also increased, its particle size distribution was still
relatively uniform; the small particles had not decreased but a
few large particles were added. Therefore, PAAN-0.2G could
still maintain an acceptable filtration volume at this time.
The influence of concentration on the fluid loss reduction

effect of PAAN-0.2G is shown in Figure 8. Before aging,
increasing the concentration of PAAN-0.2G had little effect on
fluid loss. After aging at 180 °C, as the concentration of
PAAN-0.2G increased from 1.0 to 2.0 wt %, its API filtration
volume decreased from 18 to 9.2 mL. About 2.0 wt % PAAN-
0.2G can fully meet the fluid loss requirements at high
temperatures, and therefore, 2.0 wt % PAAN-0.2G was used in
the temperature resistance test. Figure 9 shows the comparison
of the API filtration volume of the base slurry containing 2.0 wt
% PAAN-0.2G or 2.0 wt % PAAN-0.5G in the temperature
range 180−240 °C. Even if the aging temperature reached 240
°C, the API filtration volume of PAAN-0.2G and PAAN-0.5G
was only 12.5 and 12.3 mL, indicating that both PAAN-0.2G
and PAAN-0.5G can be used in ultra-high-temperature
formations. Comparing the API filtration volume of PAAN-

0.2G and PAAN-0.5G, it was found that the API filtration
volume of the two PAAN-G at the same temperature was
similar, that is, increasing the concentration of GO did not
significantly enhance the fluid loss reduction capacity of
PAAN-G, which may be due to the fact that the actual grafting
rate of GO on PAAN did not increase significantly with the
increase of GO concentration. However, the rheological
properties and filtration properties of PAAN-0.2G, in this
paper, in the base slurry can fully meet the actual needs of

Figure 7. Particle size distribution curve of the base slurry containing 1.0 wt % PAAN or 1.0 wt % PAAN-0.2G after aging at 180 °C: (a) and (b)
after aging at 180 °C; (c) 1.0 wt % PAAN before and after aging; and (d) 1.0 wt % PAAN-0.2G before and after aging.

Figure 8. API filtration volume of the base slurry containing different
concentrations of PAAN-0.2G before and after aging at 180 °C.
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drilling fluids. Therefore, based on cost considerations, PAAN-
0.2G was the best choice as a fluid loss additive. The high-
pressure and high-temperature (HP-HT) experiment further
verified the temperature resistance of PAAN-0.2G. As shown in
Figure 10, at a high temperature of 180−240 °C, the HP-HT

filtration volume of PAAN-0.2G is always lower than that of
PAAN. Unlike PAAN, with the increase of temperature, the
HP-HT filtration volume of PAAN-0.2G did not change
significantly, indicating that PAAN-0.2G could withstand the
high temperature of 240 °C.
Figure 11 shows the particle size distribution curve of the

base slurry with or without 2.0 wt % PAAN-0.2G after aging at
different temperatures. As the aging temperature increased, it
shows the same change trend (Figure 11a,b); the particle size
distribution of the slurry gradually narrowed, the small particles
disappeared, and the particle size increased. When the aging
temperature increased to 240 °C, the d50 value of the base
slurry increased from 64.71 to 190.5 μm, indicating that the
clay particles had undergone severe high-temperature
coalescence, which was not conducive to the formation of
dense filter cakes. After adding 2.0 wt % PAAN-0.2G, the d50
value increased from 42.04 μm at 180 °C to 70.86 μm at 240
°C. Although the particle size still increased, it was far lower
than that of the base slurry.

2.4. Ability of PAAN-G to Resist Salt (NaCl) and
Calcium (CaCl2) Contamination. Because the surface of the
colloidal plates of bentonite is negatively charged, the
contamination from Na+ and Ca2+ will seriously damage the
diffusion double-layer structure of bentonite, which would
rapidly deteriorate the rheological and filtration properties of
the bentonite suspension. Figures 12 and 13 show the
tolerance evaluation of PAAN-0.2G to NaCl and CaCl2 at
150 °C, respectively. It can be seen from Figure 12 that the
addition of 2.0 wt % PAAN-0.2G can maintain a very low API
filtration volume at a NaCl concentration of up to 25.0 wt %
(the API filtration volume at 30 min was 9 mL). The slope of
the time-varying API filtration volume curves reflected the
filtration rate (Figure 12a). When the NaCl concentration was
lower than 25.0 wt %, the curves were very gentle, indicating
that the filtration rate was very low and a very dense filter cake
was formed. When the NaCl concentration exceeded 25.0 wt
%, the API filtration volume increased sharply and the filtration
rate also increased greatly. Figure 13 shows the API filtration
volume changes of the base slurry containing 2.0 wt % PAAN-
0.2G under different CaCl2 concentrations. With the increase
of CaCl2 concentration from 2.0 to 5.0, 10.0, 15.0, 20.0, and
25.0 wt %, the API filtration volume gradually increased from
7.8 to 8.2, 10, 9.3, 12, 15.2 mL, respectively. Even when the
concentration of CaCl2 reached 25.0 wt %, its API filtration

Figure 9. API filtration volume of the base slurry containing 2.0 wt %
PAAN-0.2G or 2.0 wt % PAAN-0.5G at different aging temperatures.

Figure 10. HP-HT filtration volume of the base slurry containing 2.0
wt % PAAN or 2.0 wt % PAAN-0.2G at different temperatures.

Figure 11. Particle size distribution curve of the base slurry without (a) and with (b) 2.0 wt % PAAN-0.2G after aging at different temperatures.
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volume was still within the acceptable range (Figure 13b).21

Therefore, it can be concluded that 2.0 wt % PAAN-0.2G has
excellent NaCl and CaCl2 tolerance and can be used in high-
salt formations.
Table 3 shows the effects of NaCl and CaCl2 on the

rheological properties of the base slurry containing 2 wt %
PAAN-0.2G. The test was performed after aging at 150 °C. In
the presence of PAAN-0.2G, the rheological parameters of the
base slurry basically did not change with NaCl concentration,
that is, PAAN-0.2G could keep the rheological properties of
the drilling fluid stable when the NaCl concentration was lower
than 25 wt %; CaCl2 showed an opposite effect. Only 2 wt % of
CaCl2 reduced the AV of the drilling fluid from 23.5 to 6.5
mPa·s, indicating that PAAN-0.2G could not prevent CaCl2
from damaging the rheological properties of the drilling fluid.
However, as the concentration of CaCl2 continued to increase,
the rheological parameters (AV, PV, YP) of the base slurry
containing 2 wt % PAAN-0.2G increased. The addition of
CaCl2 first destroyed the network structure formed by the clay
and polymer in the fluid, and so, the fluid viscosity dropped
sharply. As the concentration of CaCl2 increased, the network
structure was re-established between the polymer and clay and
Ca2+, and so, the viscosity of the fluid increased again.

The particle size distribution curve of the salt-containing
base slurry is shown in Figure 14. The particle size distribution
of the base slurry remained basically unchanged after adding
NaCl but changed drastically after adding CaCl2. After adding
CaCl2, the median particle size d50 of the base slurry increased

Figure 12. API filtration volume of the base slurry containing 2.0 wt % PAAN-0.2G under different NaCl concentrations: (a) filtration volume over
time and (b) filtration volume for 30 min.

Figure 13. API filtration volume of the base slurry containing PAAN-0.2G under different CaCl2 concentrations: (a) filtration volume over time
and (b) filtration volume for 30 min.

Table 3. Rheological Parameters of the Base Slurry
Containing 2 wt % PAAN-0.2G after Adding Different
Concentrations of NaCl or CaCl2 and Aging at 150 °C

concentration
(%)

AV (mPa·
s)

PV (mPa·
s)

YP (mPa·
s) YP/PV

NaCl 0 23.5 19 4.5 0.24
5 25 16 9 0.56
10 26 17 9 0.53
15 24 15 9 0.60
20 26 18 8 0.44
25 25 17 8 0.47

CaCl2 0 23.5 19 4.5 0.24
2 6.5 6 0.5 0.08
5 12.5 9 3.5 0.39
10 13 10 3 0.30
15 15.5 13 2.5 0.19
20 20.5 17 3.5 0.21
25 22.5 18 4.5 0.25
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from 39.38 to 303.5 μm, and the small particles (<10 μm)
disappeared completely. This was because the hydrated cation
of sodium-based montmorillonite in clay was Na+. When Ca2+

was added, cation exchange occurred between the clay layers,
and the thickness of the hydrated layer of Ca2+ was much
higher than that of Na+, so the clay particles swell sharply and
the particle size increased. After adding 2 wt % PAAN-0.2G,
the value of d50 of the base slurry containing 25 wt % CaCl2
decreased from 303.5 to 33.04 μm, indicating that PAAN-0.2G
can inhibit the swelling of bentonite particles caused by Ca2+.
2.5. Probable Mechanism. After compositing the

polymer with GO, the sulfonic acid group and the cyclic
structure in the polymer chain greatly improved the temper-
ature resistance of GO. As shown in Figure 15, the adsorption
groups (amide groups, carboxyl groups, etc.) on the PAAN-G
could form hydrogen bonds with oxygen atoms on the surface
of bentonite, so that PAAN-G could be firmly adsorbed on the
surface of bentonite. The adsorption of PAAN-G also
increased the particle size distribution span of bentonite after
aging. A large amount of small particle size bentonite is more
conducive to filling the tiny pores and form a dense filter cake,
thereby reducing the passage of water. In addition, due to the
flake structure of GO, the free PAAN-G was also beneficial to
insert into the tiny pores of filter cakes, all of which were
conducive to improving the compactness of the filter cakes. On
the other hand, the excellent resistance to Ca2+ contamination
of PAAN-G was also attributed to the adsorption on the
surface of bentonite. It was easy to exchange Ca2+ with Na+ in
bentonite interlayers, which caused the compression of the

bentonite diffusion electric double layer and the aggregation of

clay particles. Therefore, the filtration volume of the bentonite

slurry increased greatly under Ca2+ contamination. The strong

adsorption of PAAN-G on the surface of bentonite prevented

the interlayer exchange of calcium ions, thus preventing the

deterioration of filtration performance under Ca2+ contami-

nation.

Figure 14. Particle size distribution curve of the salt-containing base slurry after aging at 150 °C: (a) and (b) NaCl; (c) and (d) CaCl2.

Figure 15. Schematic diagram of the mechanism of PAAN-G.
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3. CONCLUSIONS

We synthesized an acrylamide polymer/graphene oxide
composite material with different GO concentrations using
aqueous solution polymerization. The applicability of PAAN-G
as a fluid loss additive for water-based drilling fluids under
high-temperature and high-salt conditions was evaluated, and
the rheological and filtration properties of bentonite-based
slurry containing PAAN-G before and after high-temperature
aging were studied. The chemical structure and morphology of
PAAN-G were characterized by FT-IR, transmission electron
microscopy (TEM), and TGA−DSC. The thermal stability of
GO was greatly improved after compositing with polymer.
Comparing the changes in rheological parameters and filtration
volume of PAAN-0.2G and PAAN before and after aging, it
was found that PAAN-0.2G can maintain stable rheological
parameters after high-temperature aging, with a change rate of
less than 28%. However, under the same conditions, the
change rate of the rheological parameters of PAAN can reach
up to 80%. Besides, the filtration volume and cake thickness of
the base slurry with PAAN-0.2G were also lower than those
with PAAN. PAAN-0.2G (2 wt %) can maintain a low filtration
volume (12.5 mL) at 240 °C, demonstrating that PAAN-0.2G
can be used in high-temperature formations. However,
continuing to increase the concentration of GO in PAAN-G
cannot significantly improve the rheological and filtration
properties of PAAN-G in the base slurry. Based on cost
considerations, PAAN-0.2G was the best choice of fluid loss
additives for water-based drilling fluid. As for salt tolerance,
PAAN-0.2G can maintain an acceptable filtration volume at
NaCl and CaCl2 concentrations as high as 25 wt %, which was
enough to prove that PAAN-0.2G can be used in high-salt
formations. Particle size analysis showed that PAAN-G can
broaden the particle size distribution of bentonite particles in
the base slurry and increase the ratio of small particles (<10
μm) and large particles (>100 μm), which helped the particles
to be densely packed, resulting in forming a much thinner and
denser filter cake.

4. MATERIALS AND METHODS

4.1. Materials. GO was synthesized using a modified
Hummers’ method from graphite powder, and the details were
reported in the literature.48,49 AM (AR, 99%), AMPS (AR,
98%), NVP (AR, 99%), ammonium persulfate (APS, AR,
≥98%), and sodium bisulfite (AR) were all commercial
products from Aladdin. Sodium hydroxide (AR), sodium
chloride (NaCl, AR), anhydrous calcium chloride (CaCl2, AR),
and other reagents were purchased from a domestic reagent
company. Sodium bentonite was obtained from the Weifang
Boda company. All reagents were not purified further.

4.2. Methods. 4.2.1. Synthesis of PAAN-G. The acrylamide
polymer/graphene oxide composite (PAAN-G) was prepared
using the aqueous solution polymerization method.46,50 GO
(0.2 g) was added to deionized water (100 mL) and
magnetically stirred at room temperature for 20 min. AM
(10 g) and AMPS (15 g) were added to the GO solution and
stirred magnetically to form a homogeneous solution. The pH
of the solution was adjusted to 7−8 with sodium hydroxide.
Then, 15 g of NVP was added. The mixed solution was poured
into the reaction flask and kept in a 60 °C water bath for 30
min. Next, the initiators APS (60 mg) and sodium hydrogen
persulfate (20 mg) were added to the reaction solution and
then reacted at 60 °C for 2 h. The whole reaction was carried
out under nitrogen protection. The polymerization process is
shown in Figure 16a. The resulting product was washed and
purified with absolute ethanol, then dried at 60 °C, and
pulverized. The synthesis steps were repeated to prepare
composite materials with 0.5 wt % GO (PAAN-0.5G) and GO-
free polymers (PAAN), respectively. The synthesized GO,
PAAN, and PAAN-G were dissolved in deionized water and
dialyzed in deionized water for 1 week in a dialysis bag with a
molecular cutoff of 3500. Then, they were redried and crushed.
The obtained purified GO, PAAN, and PAAN-G were used for
the physicochemical characterization of the polymer. The
powder sample obtained is shown in Figure 16b.

4.2.2. Preparation of the Drilling Fluid. The base slurry was
prepared by mixing 40 g of bentonite and 2.5 g of anhydrous
sodium carbonate with 1000 mL of water. The suspension was
stirred quickly for 20 min and then stirred at low speed and
aged for 24 h at room temperature.25 Then, different
concentrations of PAAN, PAAN-0.2G, and PAAN-0.5G were
added to the base slurry slowly and stirred at 6000 rpm for 20
min.

4.2.3. Performance Evaluation. A six-speed rotational
viscometer (ZNN-D6S, China) was used for measuring the
basic rheological parameters. The liquid was poured into the
sample cup and raised to the marked line, and the readings
were recorded from 600 to 300 rpm. The rheological
parameters such as apparent viscosity (AV), plastic viscosity
(PV), and yield point (YP) were calculated from the Ø600
(reading of 600 rpm) and Ø300 (reading of 300 rpm) values
using the following formulas50,51

= · ·AV 0.5 Ø600 (mPa s) (1)

= − ·PV Ø600 Ø300 (mPa s) (2)

= · −YP (2 Ø300 Ø600)/2 (Pa) (3)

The ratio of the yield point and plastic viscosity (YP/PV) is
an important rheological parameter that measures the degree

Figure 16. (a) Picture of the polymerization process and (b) the obtained powder sample.
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of shear-thinning behavior of the drilling fluid. The larger the
RYP, the stronger the shear-thinning behavior.52

The API filtration volume of the drilling fluid was
determined with the MOD.SD6A medium-pressure filtration
apparatus (Qingdao Haitongda Dedicated Instrument Factory,
China). At room temperature, 300 mL of the drilling fluid was
poured into filtration tanks, and the filtration volume was
measured within 30 min after passing through a filter paper
with a diameter of 9 cm at a pressure of 0.69 MPa. Then the
drilling fluid was poured into an aging tank and hot-rolled at a
specific temperature (150, 180, 200, 220, 240 °C) in a
GW300-type variable frequency rolling furnace (Qingdao
Tongchun Machinery Factory, China). The rolling time was
fixed at 16 h. Rheology and API filtration tests were performed
before and after the thermal aging experiments. In addition,
high-pressure and high-temperature (HP-HT) filtration was
also carried out at a pressure difference of 3.5 MPa and
different temperatures (180, 200, 220, and 240 °C).
4.3. Characterization. 4.3.1. Fourier Transform Infrared

Spectroscopy (FT-IR). FT-IR Spectra of PAAN and PAAN-G
were recorded using a Bruker FT-IR with a resolution of 4
cm−1 and the wavenumber range of 3600−600 cm−1 (Horiba,
Germany). The PAAN and PAAN-G purified by dialysis were
used after drying and pulverizing. The powder was placed on
the sample table, compacted, and then tested.
4.3.2. Thermogravimetric Analysis (TGA). A differential

thermal−thermogravimetric analyzer (TGA−DSC, METTLER
TOLEDO) was used to investigate the thermal stability of
PAAN, GO, and PAAN-G in a nitrogen atmosphere at a
heating rate of 10 °C/min and a temperature range from 25 to
400 °C. The PAAN and PAAN-G purified by dialysis were
dried, crushed, and used for TGA−DSC testing.
4.3.3. Scanning Electron Microscopy (SEM). SEM analyses

were performed using a JSM7401 scanning electron micro-
scope (JEOL, Japan). The filter cakes obtained from the
filtration tests were rinsed with water to remove the floating
filter cake on the surface. Then, the filter cakes were dried at 60
°C for 24 h and then cut up into squares of sizes 1.0 cm2 × 1.0
cm2. The dried and cut samples were adhered to conductive
tapes and then metal-sprayed for 2 min.
4.3.4. Particle Size Distribution (PSD). Particle size

distributions of the drilling fluid suspensions were analyzed
using a Bettersize 2000 instrument. The base slurry, the base
slurry containing PAAN, and the base slurry containing PAAN-
G before and after aging were prepared and dispersed.53
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